
UNITED STATES

DEPARTMENT OF THE INTERIOR 

GEOLOGICAL SURVEY

COMPLETION AND TESTING OF MADISON LI-MESTONE TEST WELL 3,

% SEC. 35, T. 2 N. , R. 27 E., YELLOWSTONE COUNTY, MONTANA

By R. K. Blankennagel, L. W. Howells, and W. R. Miller

Open-File Report 81-528

Prepared in cooperation with the

Montana Bureau of Mines and Geology

Montana Department of Natural Resources and Conservation

North Dakota State Water Commission

South Dakota Division of Geological Survey

Wyoming State Engineer

Denver, Colorado 

May 1981



UNITED STATES DEPARTMENT OF THE INTERIOR 

JAMES G. WATT, Secretary

GEOLOGICAL SURVEY 

Doyle G. Frederick, Acting Director

For additional information write to

U.S. Geological Survey 
Water Resources Division 
Mail Stop 418, Box 25046 
Denver Federal Center 
Denver, Colorado 80225

For purchase, write to:

Open File Services Section 
U.S. Geologcial Survey 
Box 25425
Denver Federal Center 
Denver, Colorado 80225

(303) 234-5888; FTS 234-5888



CONTENTS

Page
Abstract                                                    1
Introduction                                                 1
Test well history                                             6

Hole history data                                         8
Additional work                                          9
Log index                                               15
Formation tops                                           16

Well completion and perforation   .                             17
Hydrologic tests                                             18

Swab and flow tests                                       22
Acidizing and fracturing stimulation                         30
Radioactive-tracer surveys                                 40
Step-drawdown test                                       47

Summary and conclusions                                        52
References                                                 54
Supplemental information                                       55

ILLUSTRATIONS

Figure 1. Map showing location of Madison Limestone test well 3 near
Billings, Montana                                 2

2. Map showing location of drill site for Madison Limestone
test well 3                                     3

3. Schematic diagram of Madison Limestone test well 3 showing
construction of well before completion operations        5

4. Schematic diagram of Madison Limestone test well 3 showing 
construction of well after completion and briefly 
summarizing operations                             7

5. Section of seisviewer log made in 7-inch casing in 
Madison Limestone test well 3 after perforating 
with strip jet gun                                 20

6. Diagram of packer and retrievable bridge plug used to
isolate perforated intervals in 7-inch casing for swab and 
flow tests and for acidizing and fracturing            21

7. Surface shut-in pressure curves before acidizing and
fracturing perforated intervals isolated with bridge
plugs and packers                                 29

8. Graph showing variation with time of specific conductance 
in the flush-back fluid after acidizing and fracturing 
test 1                                         35

9. Graph showing variation with time of specific conductance 
in the flush-back fluid after acidizing and fracturing 
test 2                                                   -3o

IV



ILLUSTRATIONS Continued

Page
Figure 10. Graph showing variations of dissolved constituents in the 

flush-back fluid after acidizing and fracturing test 2 
and diagrams showing water-quality from the upper part 
of the Mission Canyon Limestone before and after 
acidizing                                       37

11. Graph showing variations with time of specific conductance 
in the flush-back fluid after acidizing and fracturing 
test 3            --.                       39

12. Graphs showing variations of dissolved constituents in the 
flush-back fluid after acidizing and fracturing test 3 
and diagrams showing water-quality from the Tensleep 
Sandstone and Amsden Formation before and after 
acidizing                                       41

13. Graph of radioactive-tracer survey after development of
perforated intervals before acidizing and fracturing     43

14. Graph of radioactive-tracer survey after acidizing and
fracturing through perforated intervals                44

15. Graphs of radioactive-tracer survey in 7-inch casing
(6.366-inch ID) before and after acidizing and fracturing
perforated intervals 4,872 to 4,849, 4,841 to 4,809, and
4,803 to 4,791 feet. Station depth 4,500 feet          45

16. Schematic diagram of well head and flow line during
full-flow and step-drawdown tests                    48

TABLES

Table 1. Summary of flow from perforated intervals before and after
stimulation by acidizing and fracturing                 19

2. Acidizing and fracturing program                        23
3. Chemical analyses of water and acid flush-back fluid from

Madison Limestone test well 3                        26
4. Volumes, weights, and concentrations of materials injected

and removed from each zone                           33
5. Step-drawdown test comparison of measured drawdowns with

those predicted by the Jacob-Rorabaugh and the Birsoy and 
Summers methods, and with pipe-friction calculations      49

6. Step-drawdown test aquifer transmissivity (T) and
coefficient of storage (S) determined by the specific
capacity and the Birsoy and Summers methods             51

7. Data from full-flow test of Madison Limestone test well 3,
October 25-26, 1979                                56

8. Yields, flowing pressures, and temperatures for Madison 
Limestone test well 3, step-drawdown test step 1, 
October 31-November 1, 1979                          61

v



TABLES Continued

Page
Table 9. Yields, flowing pressures, and temperatures for Madison 

Limestone test well 3, step-drawdown test step 2, 
October 31-November 1, 1979                         65

10. Yields, flowing pressures, and temperatures for Madison 
Limestone test well 3, step-drawdown test step 3, 
October 31-November 1, 1979                         68

11. Yields, flowing pressures, and temperatures for Madison 
Limestone test well 3, step-drawdown test step 4, 
October 31-November 1, 1979                         72

12. Yields, flowing pressures, and temperatures for Madison 
Limestone test well 3, step-drawdown test step 5, 
October 31-November 1, 1979                         76

13. Yields, flowing pressures, and temperatures for Madison 
Limestone test well 3, step-drawdown test step 6, 
October 31-November 1, 1979                         80

14. Yields, flowing pressures, and temperatures for Madison 
Limestone test well 3, step-drawdown test step 7, 
October 31-November 1, 1979                         84

15. Yields, flowing pressures, and temperatures for Madison 
Limestone test well 3, step-drawdown test step 8, 
October 31-November 1, 1979                         88

VI



CONVERSION FACTORS

In this report, figures for measures are given only in inch-pound units. 1 
Factors for converting inch-pound units to metric units are shown in the 
following table:

Inch-pound

in (inch)
ft (foot)
mi (mile)
mi2 (square mile)
gal (gallon)
ft 3 (cubic foot)
bbl (barrel)
gal/min (gallon per minute)
(gal/min)/ft (gallon per
minute per foot) 

ft 3 /sec (cubic foot per second) 
ft 2 /d (foot squared per day) 
Ib (pound) 
lb/in2 (pound per square

inch)

Multiply by

25.4 
0.3048 
1-. 609 
2.590 
3.785 
0.02832 
0.1590 
0.0631

0.207
0.02832
0.0929
0.4536

6.8948

Metric

mm (millimeter)
m (meter)
km (kilometer)
km2 (square kilometer)
L (liter)
m 3 (cubic meter)
m3 (cubic meter)
L/s (liter per second)
(L/s)/m (liter per second

per meter)
m3 /s (cubic meter per second) 
m2 /d (meter squared per day) 
kg (kilogram)

kPa (kilopascal)

 ' Temperature is reported in degrees Celsius. To convert to degrees 
Fahrenheit use: Temperature °F = 1.8 temperature °C + 32.

vii



COMPLETION AND TESTING OF MADISON LIMESTONE TEST WELL 3,
k SEC. 35, T. 2 N. , R. 27 E. , YELLOWSTONE COUNTY, MONTANA

By
R. K. Blankennagel, L. W.' Howells, and W. R. Miller

ABSTRACT

Selected intervals in the lower and upper parts of the Mission Canyon 
Limestone of Mississippian age, and 'the Amsden Formation and Tensleep 
Sandstone of Pennsylvanian age, with water having dissolved-solids concen 
trations of 3,000 milligrams per liter or less, were perforated through 
7-inch casing that was cemented to the walls of the borehole. Perforated 
intervals in the lower part of the Mission Canyon Limestone were developed 
and tested as a single unit, as were those in the upper part. The Amsden 
Formation and Tensleep Sandstone were tested as a single unit. Total flow 
from all perforated intervals after development of each unit by swabbing 
and flowing was 125 gallons per minute. Total flow increased to 2,900 
gallons per minute after acidizing and fracturing each unit through 
perforations. Radioactive tracer surveys indicate about 65 percent of the 
flow was from perforations in the upper part of the Mission Canyon 
Limestone.

Based on analysis of data from a step-drawdown test performed abcmt 1 
month after completion of the well, the values of transmissivity and 
coefficient of storage considered as most reasonable are 5,090 square feet 
per day and 2 X 10~ 5 respectively. Maximum temperature of water, 
measured at land surface during a full-flow test of 24-hour duration, was 
56.6 degrees Celsius.

INTRODUCTION

Madison Limestone test well 3, in the NW^SE% sec. 35, T. 2 N., R. 27 E., 
Yellowstone County, Mont., (figs. 1 and 2) was spudded in alluvium on 
August 15, 1978, and bottomed 48 ft below the top of Precambrian gneiss 
rocks at 7,175 ft below land surface on November 16, 1978. The well was 
drilled as part of a study to determine the water-resource potential of 
the Madison Limestone and associated rocks to meet the future water needs 
in a 188,000-mi2 region that includes the coal-rich area of the Northern 
Great Plains, and to evaluate these rocks as a source of water for 
industrial, agricultural, public, and domestic supplies.

Paleostructure and facies maps, prepared during development of a 
regional geologic model, were used as a guide for site selection. The 
well was drilled where these maps indicated: (1) A complete Mississippian 
section and a thick section of the Ordovician Red River Formation or Devonian 
section would be present; (2) the Precambrian contact would be 6,000 or
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7,000 ft below land surface; and (3) sufficient porosity and permeability 
would be present to provide relatively large water yields.

Drilling and testing were designed to yield a maximum of stratigraphic, 
structural, geophysical, and hydrologic information. Data from cuttings and 
cores from the well showed that the geologic model was valid. However, the 
development of primary and especially secondary interstitial porosity was 
minimal. Although primary porosity in the form of well-sorted oolites and 
vugs was formed during deposition, the oolite banks and vugs were mostly 
filled with anhydrite. Twelve conventional drill-stem tests were made in 
the open hole. Water flowed at land surface during nine of the tests. The 
sum of the flows from all producing intervals tested was about 560 gal/min. 
Freshwater less than 1,000 mg/L (millimeters per liter) of dissolved 
solids was not found in any of the intervals tested in the well. Dissolved- 
solids concentrations ranged from 2,660 to 19,800 mg/L.

Analysis of water samples, collected from drill-stem tests made in the 
exploratory hole during September and November 1978 (Blankennagel and others, 
1979, table 3), showed that water having dissolved-solids concentrations of 
3,000 mg/L or less (maximum permissible concentration for disposal at land 
surface near the wellsite) was available only from: (1) Lower part of the 
Mission Canyon Limestone of Mississippian age; (2) upper part of the Mission 
Canyon Limestone; and (3) Amsden Formation and Tensleep Sandstone of 
Pennsylvanian age. A 7-in casing liner, assembled with external casing 
packers, was run into the hole to a depth of 5,942 ft, and cemented to the 
borehole to isolate these intervals from overlying and underlying intervals 
having more mineralized water. The top of the liner was set at a depth of 
about 180 ft inside the 9-5/8-in casing (fig. 3).

Two intervals in the upper part of the Mission Canyon Limestone, 4,383 
to 4,363 ft and 4,348 to 4,328 ft (depths adjusted on basis of geophysical 
logs made during completion operations), were perforated with four shots 
per foot. Additional water-bearing zones were not perforated because of 
bridges or other obstructions in the 13-3/8-in and 9-5/8-in casings. These 
bridges were attributed to sloughing of cement from the walls of the casing, 
after drilling mud in the casing had been displaced with water that 
entered through the perforations.

During July 1979, workover operations were begun to complete Madison 
Limestone test well 3. Primary objectives of the workover operations were 
to clean the cased hole, complete perforating of intervals with water having 
dissolved-solids concentrations of 3,000 mg/L or less, and to develop the 
perforated intervals by swabbing and flowing. Finally, the perforated 
intervals were to be stimulated by acidizing and fracturing to evaluate 
the effectiveness of the technique on water production.

U.S. Geological Survey personnel who assisted the authors in various 
phases of the operation included Thad Custis, Dave Flynn, Scott MacGarvie, 
Roger Lee, Joe West, Carol Janecke, Craig Joy, Elliott Gushing, Richard 
Feltis, and Jerry Wisnieski.



Ground Level

36-inch corrugated-metal pipe to 15 feet 
40-inch hole to 20 feet

30-inch corrugated-mete I pipe to 40 feet, cemented to surface 
36-inch hole to 50 feet

20-inch casing to 317 feet, cemented to surface 
26-inch hole to 335 feet

9 3 -inch liner hanger 810 feet to 825 feet

3 IS"?" -inch casing to 979 feet, cemented to surface

17-i- -inch hole to 985 feet

9 -|- -inch casing to 4298 feet, cemented annul us

12-J- -inch hole to 4305 feet

 Top of 7-inch casing at 4115 feet

118 feet to 4130 feet 

97 feet to 4309 feet 

30 feet to 4642 feet 

4887 feet to 4899 feet

Perforated with four shots per foot in 
intervals 4328 feet to 4348 feet and 

External 4363 feet to 4383 feet for testino

casing
Squeezed perforations 4405 feet to 

packers 4406 feet and 4785 feet to 4786 feet
with 460 cubic feet of cement

NOT TO SCALE

SV Squeeze Packer 5871 feet to 5873 feet

Perforations 5882 feet to 5883 feet, 
squeezed with 367 cubic feet of cement

Bottom of 7-inch casing at 5942 feet 

Cement plug 6135 feet to 6235 feet 

Cement plug 6935 feet to total depth 

8 -f- -inch to total depth of 7175 feet

Depths are in feet below ground level

Figure 3. Schematic diagram of Madison Limestone test well 3 
showing construction of well before completion operations.



Fenix and Scisson, Inc., Tulsa, Okla., prime contractor for the 
U.S. Department of Energy, Nevada Operations Office, Las Vegas, Nev., assisted 
with the preparation of the well-completion specifications and provided a 
drilling specialist, Ray Herrington, at the drill site. Fenix and Scisson, 
Inc. also prepared the well history and assisted with the well-construction 
diagram (fig. 4) included in this report.

Rogers-Megargel Drilling Co., Olney, Tex., was awarded the contract 
for completing the well. Birdwell Division, Seismograph Service Corp., Tulsa, 
Okla., was awarded the geophysical logging contract; and Dowell Division of 
Dow Chemical U.S.A., Tulsa, Okla., was awarded the contract for the acidizing 
and fracturing treatments.

Equipment, supplies, and services were subcontracted by Rogers-Megargel 
Drilling Co. from "C" Brewer, Inc.; Baker Oil Tools; Halliburton Services; 
Weatherford/Lamb; Brown Oil Tools; Gearheart Owen Wireline Services; Dowell 
Mid-Continent Region Tools; Lynes, Inc.; Green Oil and Field Service, Inc.; 
and others. The use of named products in illustrations or in the report is' 
for identification only and does not imply endorsement by the U.S. Geological 
Survey.

TEST WELL HISTORY

The following historical data on the test well, including hole history 
(rev. //I additional work) and a daily log of additional work, were 
photocopied from the Fenix and Scisson report provided to the U.S. Geological 
Survey after the completion of Madison Limestone test well 3. The formation 
tops information was photocopied from the report provided to the U.S. 
Geological Survey by Irvin Kranzler and John R. Warne, consulting geologists, 
Billings, Montana (Blankennagel and others, 1979).



 Ground level

13g»inch casing squeeze cemented from 890 feet to 
surface with 200 cubic feet of cement

nch casing tied back to surface from 822 feet, 
cemented to surface with 376 cubic feet, annulus 
squeezed with 14 cubic feet of cement

7-inch casing perforated with four shots per foot 
in intervals 4145 feet to 4170 feet. 4176 feet to 
4212 feet. 4318 feet to 4326 feet. 4328 feet to 
4348 feet. 4352 feet to 4361 feet. 4363 feet to 
4383 feet. 4791 feet to 4803 feet. 4809 feet to 
4841 feet. 4849 feet to 4872 feet

Note; Intervals 4328 feet to 4348 feet and 
4363 feet to 4383 feet were perforated 
during previous testing in exploratory hole

Isolated interval 4137 feet to 4230 feet with 
retrievable bridge plug and packer, de 
veloped by swabbing and flowingtstimulated 
by acidizing and fracturing

Isolated interval 4287 feet to 4457 feet with 
retrievable bridge plug and packer, de 
veloped by swabbing and flowing;stimulated 
by acidizing and fracturing

Isolated interval 4742 feet to 4927 feet with 
retrievable bridge plug and packer, developed 
by swabbing and flowing;stimulated by 
acidizing and fracturing

7-inch casing perforated from 5090 feet to 
5091 feet with four shots. 
Perforations squeeze cemented with 
67 cubic feet of cement

Depths are in feet below ground level

NOT TO SCALE

Figure 4. Schematic diagram of Madison Limestone test well 3 
showing construction of well after completion and 

briefly summarizing operations.



10-10-79 Rev. #1 Additional 
Work

DATEt 1-30-79

FENIX & SCISSON, INC. 

HOLE HISTORY DATA

HOLE N0.i

USERi

LOCATION

. Madison 13
US6S

Montana

W. 0. NO.i

TYPE HOLEi

COUHTYi

Expl oratory/Hydrol ogle

Yellowstone AREA|

1. 0. NO.I

SURFACE COORDINATESI NW, SE, Sec. 35, T2N, R27E

GROUND ELEVATION! 3024 '   3 '

RIG ON LOCATION!

PAD ELEVATION!

.SPUDDED! 8-15-78

TOP CASING ELEVATION!

Recorapleted: 9-17-79

CIRCULATING MEDlAt Mud

MAIN RIG ft CONTRACTOR

BORE HOLE RECORD

FROM

* 5'
* 20'

50'

335'

985 '
4305'

TO

20'

50'

335 f
985'

4305'
7175'

SIZE

40"

36"
26"

17-1/2"

12-1/4"
8-3/4"

TOTAL DEPTHi 7175'GL

NO. OF COMPRESSORS ft CAPACITY!

CASING RECORD

1.0.

36"

30"

19.124"

12.615

8.921"
6.366"

WT./FT.

94.00*

54.5Q#

36.00,*
23.00#

WALL

'

GRADE

CMP

CMP

H-40

K-55

S-80
K-55

CPL'G.

Jutress

ST&C

STAG

ST&C

FROM

5 1

5*
5'
O 1

O 1

4115 f

TO

15 1

40 '
317*

979 '

APQfi'

5942 '

CU. FT. CMT

118

885

1062

950.4
* *

AVERAGE MANDREL DEPTHi PROM REFERENCE ELEVATION 0

JUNK ft PLUGS LEFT IN NOLEi

SURVEYS PAGEi CORING PAGEi * 1 CU.FT. CMT. TOTAL IN PLUGS, ETCi

LOGGING DATAi Page 6

BOTTOM HOLE COORDINATES* REFERENCE!

RIGS USED (Site Prep Rigs *)

RIO NO.

4

NAME

Molen Drilling Co.

Rogers-Megargel

(Additional Work)

TYPE

National 50A

Ideco 8IR 3087

!

!

CLAM
DAYS 

OPERATING

125.10

27.40

SCCUMCO
W CREW

1.06

1.50

SECURED 
W/O CREW

 

24.44

TOTAL OA 
ON UOC.

l?fi_lfi

53.34

REMARKS! * Site Pnpiteatf 8* x 6* x 5* deep cellar.
* * See attached drawing for perforations and squeeze jobs
NOTE; Depths shown on this page are from ground level IS 1 below 

kelly bushing elevation*

BYi WDS/1t 8



MADISON #3 
Additional Work

7-26-79 Completed rigging up Rogers - Megargel rig at TOGO hours. 
Mixed mud. Worked days only. All depths reported from 
ground level.

7-27-79 Continued mixing mud.

7-28-79 Continued mixing mud.

7-29-79 Continued mixing mud.

7-30-79 Completed mixing 550 barrels of mud. Rigged up to pump same.

7-31-79 Pumped 400 barrels of mud into the hole thru the 2" valve on 
the casinghead. Wellhead pressure at start was 450 psi to 
255 psi after 400 barrels. Pump pressure was 750 to 650 psi. 
Mixed mud.

8-1-79 Wellhead pressure was 255 psi. Pumped in 50 barrels of mud 
at 650 psi, pressure remained at 255 psi. Mixed mud.

8-2-79 Flowed 10.7# mud from the hole and after 186 barrels, the hole 
started making water. Ran sand line in the hole and tagged 
bridge at 823'. Ran 6-1/8" bit in the hole to bridge at 788'. 
Worked thru bridge and ran bit to 918'. Top of 9-5/8" liner 
hanger at 810'. Pulled 6-1/8" bit and made trip with an 8-3/4" 
bit to 918 l , no obstructions.

8-3-79 Ran Lynes production injection packer in the hole on 3-1/2"
drill pipe and set at 832'. Water flow was-shut off. Pressured 
13-3/8" casing to 500 psi and pressure held. Increased to 650 
psi and pumped into formation at 1/2 barrel per minute for 5 
minutes. Laid down Lynes packer and ran Baker bridge plug, set 
at 890*. Laid down 1 joint of drill pipe. Pumped 500# of 100 . 
mesh sand mixed with 8 barrels of water on top of the plug. 
Pulled out of hole and closed the blind rams. Rigged up 
Halliburton to the 2" valve on the casinghead. Pumped in 15 
barrels of water at 700 psi ahead of 200 ft^ of neat cement and 
2% calcium chloride at 900 to 950 psi. Displaced with 106 
barrels of water at 4 barrels per minute with 950 to 1000 psi 
and pressure dropped to 0. Pressure built up to 700 psi after 
2 barrels had been displaced and remained at that pressure until 
a total of 121 barrels had been displaced. Cement in place at 
1815 hours.



MADISON J3 
Additional Work
PAGE 2

8-4-79 2" valve on casinghead was leaking a 1" stream of water, 
pressure 275 psi, temperature 40.5° C. Ran 8-3/4" bit in 
the hole and worked thru bridge from 398' to 414' and hit 
solid bridge, unable to work lower. Pulled out of hole and 
found pieces of cement in me bit. Measured water flow at 
90 gpm, temperature 42° C. Shut in pressure was 350 psi. 
Mixed mud.

8-5-79 Attempted to drill.out bridge at 414' with reverse and con 
ventional circulation. Bit plugged off with cement.

8-6-79 Drilled out cement from 414' to 424* and cement stringers to 
439' with an 8-3/4" bit with jet ports blanked off and a hole 
cut in bottom of the bit. Laid down bit and ran Baker latch-on 
tool in the hole, could not get below 814 1 . Ran 8-3/4" bit 
in the hole to 800'.

8-7-79 Drilled out cement and sand from 814' to 885' and washed to 949'. 
Circulated hole clean. Pulled out of hole and ran Baker latch-on 
tool. Washed out 2' of fill and latched onto bridge plug at 
948.33' that was set at 890'. Pulled out of hole and found cement 
lodged in slip segments.

8-8-79 Wellhead pressure was 350 psi. Ran 6-1/8" bit in the hole, worked 
thru bridge at 1163' and stopped at solid bridge at 4471'. 
Pumped 400 barrels of 10.7# raud in the hole at 450 psi holding 
250 psi back pressure on the annulus.

8-9-79 Wellhead pressure was 0 psi. Attempted to break circulation at 
4460'. Pulled to 4093' and broke circulation. Conditioned mud.

8-10-79 Wellhead pressure was 0 psi. Broke circulation at 4218', 4342'
and 4466 1 and conditioned mud. Attempted to clean out fill using 
reverse circulation and lost 15 barrels of fluid after 1 hours. 
Pulled bit to 4093' and mixed mud.

8-11-79 Rigged up Emsco D-375 mud pump.

8-T2-79 Broke circulation at 4093* using conventional circulation. Ran 
fait to 4505' and washed to 4566'. Circulated hole and washed to 
5024 1 , no cement, no fill. Changed back to Gardner-Denver triplex 
pump and circulated hole overnight.

8-13-79 Continued circulating hole at 5024 1 . Changed over to th2 Emsco 
pump and continued circulating to 1000 hours. Pulled bit to 
2400 l and mixed mud.

10



MADISON #3 
Additional Work
PAGE 3

8-14-79

8-15-79

8-16-79

8-17-79

8-18-79 

8-19-79 

8-20-79 

8-21-79

8-22-79

8-23-79

8-24-79

Pulled out of hole. Ran a sinker bar in the hole and tagged 
bridge at 4300 1 . Ran 7-3/4" swage in the hole on 3-1/2" 
drill pipe to 7" O.D. liner at 4115' and belled top of casing 
to 7-1/2". Laid down swage. Mixed 12# mud.

Wellhead pressure was 250 nst. Pumped 60 barrels of 1?* mud in 
the hole under pressure and hole still flowed. Recovered 70 
barrels of mud and hole flowed water at 50 gpm with 450 psi. 
Made trip with 9-5/8" casing scraper and 8-3/4" bit to 4115 1 
and circulated with water, no cement or fill. Released 
Ems co pump.

Removed blow out preventer. Made trip to 800' with a 12-1/4" 
bit and 13-3/8" casing scraper, no bridges or cement. Ran a 
12-1/4" tapered mill and dressed the top of the 9-5/8" liner 
hanger at 810'. Laid down mill and scraper. Install blow 
out preventer and closed in.

Ran sinker bar in the hole to 5345', no bridges. Ran Birdwell 
logs,

Continued logging.

Laid down drill pipe.

Reran Birdwell logs. Rigged up to run 2-7/8" O.D. tubing.

Picked up Halliburton 7h bridge plug and 9-5/8" packer with 
3 joints of 2-7/8" O.D. tubing between the two. Ran in hole 
and set bridge plug at 4175'. Bridge plug probably not hold 
ing, Flowed 10 gpm thru the tubing and 7 gpm thru the annul us. 
Could not work bridge plug retrieving tool into the 7" O.D. 
casing. Pulled out of hole.

Changed out retrieving tool and added an additional joint of 
tubing between the packer and tool . Latched onto bridge 
plug and reset at 4205'. Reset packer at 4075', Pressure 
tested 7" O.D. liner top to 2000 psi for 10 minutes. Reset 9-5/8" 
packer at 900' and pressure 9-5/8" O.D. casing to 1500 psi for 
15 minutes. Pressures held. Laid down packer.

Ran 13-3/8" packer in the hole and set at 760 1 . Pumped into 
9^5/8" liner hanger at 200 psi with a rate of 1 barrel per 
minute. Laid down packer and ran bridge plug retrieving tool 
to 4090'.

Washed 4' of fill off the bridge plug at 41/5' and recovered same. 
Perforated 7" O.D. casing from 5090' to 5090.75' with 4 holes 
using GO International. Made up Halliburton retrievable squeeze 
packer and set at 5070 '.

11



MADISON i3 
Additional Work
PAGE 4

8-25-79 Rigged up Halliburton and pumped into the perforations at
a rate of 2-1/4 barrels per minute. Squeezed with 10 barrels 
of water ahead of 67 ft3 (60 sacks) of neat cement. Displaced 
with 31 barrels of water at 1300 psi. Cement in place at 0915 
hours. Laid down packer.

8-26-79 Rig secured waiting on 9-5/8" O.D. casing.

8-27-79 Ran sinker bar in the hole to 5070'. Set 9-5/8" retrievable 
bridge plug at 860' and pumped in 600# of 20-40 mesh sand on 
top of the plug. Ran a fluted mill in the hole and dressed 
the inside of the 9-5/8" O.D. liner hanger. Ran 20 joints 
{822.41') of 9-5/8" O.D., 361 casing with a Brown Oil Tool tie 
back seal assembly on bottom and seated inside the liner hanger. 
9 centralizers were placed on the outside of the casing. Picked 
up casing and hung above the liner hanger. Cemented annulus 
using Halliburton with 376 ft3 of 50% neat cement and 50% Pozmix. 
Displaced with 63 barrels of water. Lowered seal assembly into 
the liner hanger. Cement in place at 1815 hours. Annulus 
started bleeding cement at 1930 hours and was flowing 3/4 gpm 
of water at 2130 hours.

8-28-79 Pressured up on casing to 500 psi and held for 10 minutes, no 
loss. Annulus flowed 3/4 gpm. Cut off 9-5/8" O.D. casing and 
welded a 3/4" plate to the casing and casinghead. Cut off 1-2" 
valve on the 13-3/8" casinghead and replaced nipple with a 2" 
bull plug. Rigged up Halliburton to the other 2" valve. 
Squeezed annulus with 14 ft3 of neat cement between 400 and 500 
psi.- Final squeeze pressure was? 5Q(X psi\ Cement in place at 
1515 hours. Installed a bull plug in the 2" valve.

8-29-79 Ran 8-3/4" bit in the hole to cement at 817'. Drilled out cement 
to 822 1 and circulated to 830 1 . Pressured casing to 1000 psi 
for TO minutes, pressure held. Laid down bit and ran bridge plug 
retrieving tool, washed out 30' of sand and latched onto plug at 
flfitt1 . Laid down bridge plug. Ran a sinker bar in the hole to 
5070', no bridges. Closed pipe rams around 1 joint of tubing and 
flowed hole.

8-30-79 Made 3 trips with GO International perforating strip and could 
not get below 4712'. Checked depth with rig sand line after 
each run to 5000'. Ran GO line with 2 sinker bars and could 
not get below 4740'.

8-31-79 Ran 6-1/8" bit in the hole, cleaned out bridge at 4740' and ran 
to 5070'. Circulated hole clean and laid down bit. Perforated 
7" casing with 580 shots in 10 runs from 4872' to 4849 1 , 4841' 
to 4809'. 4803' to 4791 l , 4361' to 4352', 4326* to 4318', 4212' 
to 4176 1 and 4170' to 4145'.
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MADISON J3 
Additional Work
PAGE 5

9-1-79

9-2-79

9-3-79 

9-4-79

9-5-79 

9-6-79 

9-7-79

9-8-79

9-9-79 

9-10-79

9-11-79

9-12-79 

9-13-79

Made trip with 7" casing scraper and 6-1/8" bit to 5070'. 
Ran Dowel! retrievable 7" bridge plug and packer in the hole. 
Set bridge plug at 4927' and packer at 4740'. Swabbed tubing 
and tested lower zone, flowed overnight.

Completed testing. Reset bridge plug at 4457* and packer at 
4287'. Swabbed tubing and tested intermediate zone, flowed 
overnight.

Completed testing.. Reset bridge plug at 4230' and packer at 
4139*. Tested upper zone and flowed overnight.

Completed test. Laid down packer and bridge plug. Ran test 
with all zones open and shut in overnight.

Ran Birdwell logs and water test. 

Completed logging.

Ran in hole and set a retrievable bridge plug at 4927' and 
packer at 4740 1 . Tested lower zone as directed by USGS.

Rigged up Dowel! and fractured Tower zone using 7500 gallons 
of 28% hydrochloric acid, 9000 gallons of YF4PSD cross!inked 
fluid, 12,000# of TOO mesh sand, 9000 gallons of Water-Frac 
10 and 2 salt plugs consisting of 250 gallons of saturated salt 
water with 300J of granulated salt and 300# of rock salt followed 
by 100 barrels of water flush. The material was pumped in 
stages at a rate of 10 barrels per minute from 3000 to 900 psi. 
Flowed back frac fluid and ran water test as directed.

Continued testing.

Completed test. Shut in pressure was 457 psi in 15 minutes, 
Reset bridge plug at 4457' and packer at 4287'.

Rigged up Dowel! and fractured the interval with the same 
amounts and materials as before. Pumped at a rate of 10 barrels 
per minute from 2300 to 200 psi. Flowed back frac fluid and 
ran water test as directed.

Continued testing.

Completed test. Reset bridge plug at 4230' and packer at 4137'. 
Acidized the interval with 600 gallons of 15% mud acid followed 
by 250 gallons of salt plug consisting of 300# of rock salt 
and 300# of granulated salt in WF/40. This "was repeated two 
additional times followed by 600 gallons of mud acid and 26 barrels 
of water flush. Total material used was 2400 gallons of mud 
acid and 750 gallon's' of salt plug. Injection rates varied from 
3 to 8 barrels per minute at pressures of 1200 to 2450 psi. 
flowed back acid fluid and ran water test as directed,
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MADISON J3 
Additional Work
PAGE 6

9-14-79

9-15-79

9-16-79 

9-17-79

Completed test. Released packer but could not get back 
into the 7" liner to retrieve bridge plug. Laid down 
packer. Removed blow out preventer and installed 10" WKM 
full opening valve.

Ran in hole with retrieving tool and released bridge plug 
at 4230 1 and recovered same. Hole flowed water at 58° C.

Ran Birdwell tracer log.
*

Laid down tubing and released rig. Bolted a 10" x 8" tee
on top of the 10" WKM valve with the 8" side connected to
a flow line and a 10" blind flange bolted on top with a
1/4" needle valve in the center. Additional work completed.
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Log Index

TYPE LOG 

BIRDWELL LOGS

Caliper
Casing Inspection 
Temperature 
3-D Velocity

Gammma-Caliper 
Radioactive Tracer

Seisviewer

Spinner
3-D with Casing Collar Locator

Gamma-Temperature

ORESSER ATLAS LOG

DATE
RUN 
NO.

Ca1i per

MCCULLOUGH LOGS

Gamma Bond 
Temperature

SCHLUM8ERGER LOGS

Caliper
Casing Collar
Cement Bond
Compensated Formation Density

Compensated Neutron-Formation 
Density

Fracture Identification 
(10" = TOO 1 ) 
( 5" = 100') 
(25" = 100')

Dual Induction-Laterolog

Dual Laterolog
Sidewall Neutron Porosity

Borehole Compensated Sonic

Borehole Compensated Sonic 
Temperature

9-18-78
9-18-78
9-18-78
9-18-78

8-17-79
9-05-79
9-16-79
8-20-79
9-04-79

1
1
1
1

1
1
2
1
2

8-20-79
8-17-79
9-05-79 
8-18-79

10-12-78

12-04-78 
12-03-78

8-26-78 
12-02-78 
11-09-78
8-20-78
9-19-78

11-17-78 
11-19-78

8-20-78
9-19-78 

11-17-78 
11-17-78
8-20-78
9-19-78 

11-17-78
8-20-78
9-19-78 

11-17-78
8-20-78 
11-20-78

DEPTH 
DRILLER

4411
4411
4411
4411

4414

7196
7196

1000
5910
7196
1000
4411

7196
7196

1000
4411
7196
7196
1000
4411
7196
1000
4411
7196
1000
7196

DEPTH 
LOGGER

4415
4415
4417
4417

5112

4891
4400

5106
5109
5006
5110

4310

5884

997 
5909
NR
996 

4412

7186
7186

996
4411
7189
7186
996

4412
7187
995

4411
7186
996

7188

LOGGED 
FROM TO

930
20

300
50

0
4000
4000

0
4135
4315
4785
100
18
10
10

939

800
1000

333

143
298
989

4308
4322

332
989
97

4318
10

790
4300
270
950

4230
130

4310

4407
950

4417
4415

5110
4890
4891
4400
4230
4405
4885
5106
5106
5002
5110

4309

4879
5850

996

4368
995

4411

7184
7185

990
4405
7183
7172
995

4411
7186
993

4410
7185
996

7188

NOTE: Logs furnished F&S/Mercury.
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Formation Topa

Formation and age* 

CRETACEOUS

Eagle
Telegraph Creek
Shannon
Colorado
Niobrara
Frontier
Normal fault (90' cut out)
Mo wry
Thermopolis
Muddy (?)
Skull Creek
Dakota silt
Dakota sand
Kootenai
Lakota

JURASSIC

Morrison
Swift
Rierdon
Normal fault (90* cut out)
Piper shale
Piper limestone

TRIASSIC

Spearfish

PENNSYLVANIAN

Tenaleep 
Aasden

MISSISSIPPI^

Madison 
Lodgepole

DEVONIAN

Devonian 

ORDOVICIAN

Stony Mountain 
Red River

CAMBRIAN

Snowy Range 
Dry Creek 
Pilgrim 
Gros Ventre 
Flathead

PRECAMBRIAN 

Gneiss 

Total depth (Driller)

Log depth 
(in feet) 1

245 (sample)
700
789
823
938 

1796 
2143 
2216 
2457 
2833 
2886 
2993 
3123 
3208 
3390

3442
3650
3788
3830
3876
3942

4046

4128
4178

4300
4986

5368

5612
5724

5963
6454
6535
6642
7073

7142

7190

Datum

+2795 
+2340 
+2251 
+2217 
+2102 
+1244

897 
824 
583 
207 
154 

+ 47
- 83
- 168
- 350

402
610
748
790
836
902

-1006

-1088
-1138

-1260
-1946

-2328

-2572
-2684

-2923
-3414
-3495
-3602
-4033

-4102

-4150

l Depths are from KB (Kelly bushing), which is 15.5 ft above land surface and 
3,039,8 ft above ses level.

2Driller's terminology. Some names do not follow U.S. Geological 
Survey usage.



WELL COMPLETION AND PERFORATION

An Ideco Back-in Rambler drilling rig, used to complete the well, was 
moved to the site on July 26, 1979. Efforts to control water flow with 
a pressure head greater than 450 lb/in2 at the well-head from the perforated 
intervals, by pumping heavy mud into the hole, were unsuccessful. Mud losses, 
more than twice the volume needed to fill the cased hole, occurred while 
pumping mud from the surface into the well and again through tubing that had 
been lowered to the bottom of the well.

Geophysical logs, including temperature, six-arm caliper, and seisviewer; 
and pressure tests (using retrievable bridge plugs and hookwall and inflatable 
packers), indicated breaks in the 13-3/8-in casing near 350 ft and leakage 
around the 9-5/8-in liner hanger at 810 ft. These leaks permitted cement 
rubble and rock debris behind the casing to slough into the hole and create 
bridges and plugs. The problem was corrected by extending the 9-5/8-in 
casing to land surface, and then bonding the 13-3/8-in and 9-5/8-in casings 
with cement. A flush connection was made by use of a tie-back seal assembly 
on the bottom of the new section of 9-5/8-in casing. The casing was lowered 
to a depth just above the liner hanger before cementing of the annulus. The 
3 ft-long seal assembly was lowered and seated inside the liner hanger 
immediately after completing cementing operations.

A 3-D cement-bond log with casing-collar locator and gamma-ray log showed 
little or no cement bonding of the 7-in casing liner and the borehole from 
5,100 to 4,800 ft. Possible contamination from more mineralized water below 
5,100 ft was minimized by perforating the liner with 4 shots at 5,090 ft, 
setting a retrievable squeeze packer at 5,070 ft, and squeezing cement 
through the perforations into the annulus.
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Selected intervals in the lower and upper parts of the Mission Canyon 
Limestone were perforated through the 7-in casing between depths of 4,872 to 
4,791 ft and 4,361 to 4,318 ft. The Amsden Formation and Tensleep Sandstone 
were perforated through two casings, 7 in and 9-5/8 in, in the intervals 
4,212 to 4,176 ft and 4,170 to 4,145 ft. Perforated depths of the intervals 
are shown in table 1. Selection of these intervals was based upon porosity 
calculated from geophysical logs, including borehole compensated sonic, 
compensated formation density, and sidewall neutron porosity that were made 
in the uncased hole during exploratory drilling, and on densely fractured 
zones seen in cores. Other considerations were hole diameters determined 
from caliper logs made in the open hole, and casing collars and external 
casing packers recorded on the 3-D casing collar locator logs.

Perforations were made using 3^-in OD Strip Jet Guns having high strength 
glass charges mounted in semi-flexible, retrievable, sheet-steel carriers. 
Spacing of the charges was 4 shots per foot with 180 degree phasing (fig. 5). 
The section of seisviewer log on figure 5 indicates that some of the glass 
charges were broken (probably when the gun was maneuvered through the top of 
the 7-in liner) and did not explode. The charge weight in each glass container 
was 22.7 g (gram); average diameter of the perforations in the casing was 
0.43 in; penetration depth (based on laboratory experiments) was in excess of 
10.4 in. All charges loaded on a carrier were fired at one time. Positive 
perforating depth control was obtained with a magnetic-collar locator run with 
the gun. The length of the gun and associated equipment was limited by the 
length of the lubricator (an assembly of wireline pressure-control equipment) 
on the top of the well; the maximum gun length was 25 ft. After reeling the 
gun into the lubricator, the lubricator was bolted to the blow-out preventer. 
When the rams of the blow-out preventer were opened to permit entry of the 
gun into the well, the lubricator prevented flow at the surface and provided 
static conditions in the well. A total of 145 net ft was perforated. Total 
net perforated footage, including that done during December 1978, was 185 ft, 
which had 740 perforations.

HYDROLOGIC TESTS

Hydrologic tests were made of the perforated intervals. Perforated 
intervals in the lower part of the Mission Canyon Limestone were tested as a 
single unit (test 1), as were those in the upper part of the Mission Canyon 
Limestone (test 2). The Amsden Formation and Tensleep Sandstone were tested 
as one unit (test 3) because the distance between the two sets of perfora 
tions was only 6 ft. The probability of connection between these perforations 
was too great to justify isolating them as separate units (table 1).

Each of the three units was isolated by using a retrievable bridge plug 
and packer in combination run on 2 7/8-in tubing (fig. 6). The retrievable 
bridge plug was set below the lower perforations. The packer assembly then

18



T
ab

le
 
1
. 

Su
im

ar
y 

o
f 

fl
o

u
 f

ro
m

 p
er

fo
ra

te
d

 
in

te
rv

a
le

 
b

ef
o

re
 a

nd

a
ft

e
r 

st
im

u
la

ti
o

n
 

by
 a

ci
d
iz

in
g
 a

nd
 f

ra
ct

u
ri

n
g

[f
t 
  

fe
et

; 
In

  
 

in
ch

; 
ga

l/
m

ln
 
- 

g
a

ll
o

n
s 

pe
r 

u
ln

u
te

;

lb
/l

a
z 

  
po

un
ds

 
p
er

 
sq

u
ar

e 
in

ch
)

V
O

_ 
. 

Pe
rf

or
at

ed
 
in

te
rv

al
*-

' 
Te

et
 

lo
ck

 s
eq

ue
nc

e)
. 

(f
t 

be
lo

w 
la
nd
 
ea
r 
fa
ce
)

1 
Lo
we
r 

pa
rt

 
ef

 H
le
al
ou
 

4.
87
2-
4,
84
9 

Ca
ay

oa
 L

im
es
to
ae
 

4,
84
1-
4,
80
9 

4,
80
3-
4.
79
1

67
 
ne

t 
ft

2 
Cp
pe
r 
pa

rt
 
of
 M
is
si
on
 

4.
38
3-
4.
36
3 

Ca
ay
oa
 
Li

me
st

on
e 

4.
36

1-
4,

33
2 

4.
34
8-
4.
32
8 

4,
32
6-
4.
31
8 

To
ta
l 

of
 
63
 
gr

oa
a 

ft
, 

37
 
ne
t 

ft

3 
Am

ad
eo

 
Fo

rm
at

io
n 

4,
21
2-
4.
17
6

Up
pe

rm
os

t 
pa
rt
 o

f 
4.
17
0-
4,
14
3 

Am
sd
cn
 
Fo

rm
at

io
n 

To
ta

l 
ef
 6

7 
gr

oa
a 

ft
, 

en
d 

lo
we
r 

pa
rt

 
of
 

61
 n

et
 
ft
 

Te
na

le
ep

 S
an

ds
to
ne

Di
sc
ha
rg
e 

fr
oi
t 
pe

rf
or

at
ed

 

in
te
rv
al
e 

af
te

r 
de
ve
lo
pm
en
t 

by
 
sw

ab
bi

ng
 

(g
al

/m
ln

) 

Ll
th

ol
og
y 

of
 p

er
fo

ra
te

d

In
te
rv
al
e 

Is
ol
et
ed
 w

it
h 

br
id
ge
 
pl

ug
 a

nd
 

Fl
ow
 c

al
cu

la
te

d 
fr
on
t 

pa
ck
er
. 

Fl
ow

 
do
wn
-h
ol
e-
ra
di
o-
 

to
 
su

rf
ac

e 
th
ro
ug
h 

ac
ti
ve
-t
ra
ce
r 

su
rv
ey
 

2-
7/
8-
in
 
tu
bi
ng

Li
me
st
on
e 

(6
4 

pe
rc

en
t)

. 

Do
lo

ai
ta

 a
nd
 
ao
me
 

13
.3

 
15

 

an
hy
dr

it
e 

(3
6 

pe
rc

en
t)

.

nu
me
ro
us
 
fr
ac
tu
re
s,
 
mo
st
ly
 

he
al
ed

 
or
 
li
ne
d 
wi

th
 

ca
lc

lt
e.

Do
lo
mi
te
, 

br
ec
ci
a 

an
d 

fi
ne
 
cr
ys
ta
ll
in
e 

do
lo

mi
te

. 
72

 
77

 

In
te
rv

al
e 

ar
e 

hi
gh
ly
 

(w
it

h 
8 

lb
/l

n
2

vu
gg

y 
po
ro
ai
ty
. 

'

Do
lo
mi
te
 
(1
00
 p

er
ce

nt
),

 
fi

ne
 

cr
ys
ta
ll
in
e,
 
so
me
 
an
hy
dr
it
e.
 

33
 

33

Do
lo
mi
te
 
(S

O 
pe
rc
en
t)
, 

vu
gg
y 

po
ro
ai

ty
; 

sa
nd
at
on
e 

(2
3 

pe
rc
en
t)
 

fi
ne

 
to

 
co
ar
ae
 
gr
ai
ne
d,
 

sh
al
e 

an
d 

qu
ar

ti
lt

ic
 

aa
nd
st
on
e 

(2
3 

pe
rc

en
t)

. 

TO
TA

L 
FL
OW
 

11
8.
3 

12
5

Di
ac
ha

rg
e 

fr
om

 
pe

rf
or

at
ed

by
 
ac
id

iz
in
g 

an
d 

fr
ac

tu
rl

og
 

(g
al

/a
in

)

Is
ol
at
ed
 
wi

th
 

br
id
ge
 
pl

ug
 a

nd
 

Fl
ow
 c

al
cu

la
te

d 
fr
on
t 

pa
ck
er
. 

Fl
ow

 
do

wn
-h

ol
e-

ra
di

o-
 

to
 s

ur
fa
ce
 
th
ro
ug
h 

ac
ti
ve
-t
ra
ce
r 

su
rv

ey
 

2-
7/

8-
in

 
tu

bi
ng

>1
80
 

34
3 

(w
it
h 

90
 
lb
/l
n
2 

ba
ck

 p
re
ss
ur
e)

12
00

. 
1.

83
8 

(w
it

h 
11

0 
lb
/i

o
2 

ba
ck

 p
re
a*
ur
e)

11
50
 

31
1 

(w
it
h 

90
 
lb

/l
n
2 

ba
ck

 p
re
ss
ur
e)

+5
30

 
2(

69
4 

(w
it

h 
29
0 

lb
/i

n
2

Di
sc
ha
rg
e 

fr
om

 8
- 
in

 

fl
ow

 
li
ne
 
at

 
en

d 
of
 

24
-h
ou
r 

fl
ow

 
te
at
 a

ft
er

 

ac
id

iz
in

g 
an

d 
fr

ac
tu

ri
ng

 

(g
al

/o
ln

)

2.
SO

O

F
ou

r 
O

.S
-i

sj
 
sh

o
ts

 p
ec

 
fo

o
t



SECTION OF SEISVIEWER LOG 
( BOREHOLE TELEVIEWER } SHOWING 
PERFORATIONS IN 7-INCH CASING

SECTION OF 3 ^ -INCH GLASS 

STRIP JET PERFORATING GUN

Feet below land 
surface

4190  

1 foot

Black markers 
are perforations

High-strength 
glass charge case 
with 22.7-gram powder 
charge; 4 shots per 
foot; 180* phasing

Primer cord

SOTM- flexible
sheet

steel carrier

Figure 5. Section of seisviewer log made in 7-inch casing in Madison 
Limestone test well 3 after perforating with strip jet gun 

(section of glass-strip jet gun after GO 
International, Inc.)-
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  Hydraulic hold-down slips

 Internal bypsss ports 

.Packing elements

CO

S

Lower slips 

'Slip drag blocks

Retrieving sleeve

Parf oration* through tubing

Control rod head 

Top valve spring

>Cup type packing elements

Bottom valve spring

'Slip cone (expander} 
slips

'Bottom drag blocks 

Control rod 

 Bottom drag blocks

Figure 6. Packer and retrievable bridge plug used to isolate perforated
intervals in 7-inch casing for swab and flow tests and for acidizing
and fracturing (courtesy of Dowell Division, Dow Chemical U.S.A.).
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was disengaged from the bridge plug and moved up the well to a point above 
the upper perforations in the zone to be tested. Rotation of the 2 7/8-in 
tubing, and application of tubing weight, set the packer and permitted flow 
from the isolated perforations to the surface through the tubing. Flow at 
the surface was diverted from the tubing to a discharge line through a high- 
pressure manifold. The manifold contained valves to regulate flow, to 
simplify collection of water samples, to measure back pressures, and to measure 
final shut-in pressure. Upon completion of a test, the packer assembly was 
unseated, and then moved down the hole to unseat the bridge plug. The 
combination tool was moved to the next unit, and the same procedure was used 
to isolate and test that unit. It was- not necessary to remove the equipment 
from the hole after each test. Depths to bridge plug and packer settings for 
the three tests are shown in table 2.

Swab and Flow Tests

Procedures for developing and testing each of the isolated units were 
similar. After the packer was set, initial flow was measured at the end of 
the discharge line volumetrically or by the trajectory method. The time for 
this step was relatively short, ranging from less than 1 to 3 hours. 
Following this, surface connections for swabbing the well were made, and a 
swab unit, consisting of a hollow supporting mandrel with an upward opening 
valve, rubber cups, and a sinker bar was lowered into the 2-7/8-in tubing. 
A sandline (a component of the drilling rig), attached to the swab unit, was 
marked at 200- and 400-ft depths. Because of high pressures, mineral 
deposits, slightly out-of-gage tubing, and equipment difficulties, the 
swabbing rate usually»was slow and erratic. Greatest efficiency 
was obtained when swabs were pulled from depths no greater than 350 ft. Time 
for swabbing ranged from 1 to 5 hours. Periodic measurements of pH, 
specific conductance, and water temperature were made.

After swabbing, flow was diverted from the tubing through the manifold 
and discharge line. Flow periods for these tests were extended to permit 
collection of-water samples representative of aquifer water in the per 
forated intervals isolated with bridge plugs and packers. Flow rates and 
measurements of pH, specific conductance, and water temperature were 
monitored throughout the flow period. After stabilization of these 
parameters, final suites of water samples for chemical analyses were 
collected. These analyses are shown in table 3.

Final shut-in pressures were measured at the end of flow periods. Shut- 
in pressure for the lower part of the Mission Canyon Limestone (test 1) was 
451 lb/in2 , and those for the upper part of the Mission Canyon Limestone 
(test 2) and the Amsden Formation and Tensleep Sandstone (test 3) were 
454 lb/in2 (fig. 7).

Total flow from all perforated intervals, calculated from radioactive- 
tracer survey data, was 125 gal/min. Of this total, the lower part of the
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Mission Canyon contributed 15 gal/min; the upper part contributed 77 gal/min; 
and the Amsden-Tensleep contributed 33 gal/min (table 1).

The perforated intervals are representative of selected zones within the 
intervals that were isolated and tested using straddle packers in the open 
hole (drill-stem tests 2, 3, and 10) during the original testing in Madison 
Limestone test well 3 (Blankennagel and others, 1979). Combined flow at the 
surface from these drill-stem tests was greater than flow through the 
perforations by a factor of 2. Probable reasons for the smaller production 
and transmissivity in perforated zones were: (1) Sealing of water-bearing 
fractures during the cementing of the 7-in casing, (2) increased friction 
through perforations, and (3) perforation of less than 50 percent of the 
zones isolated during the open-hole drill-stem tests.

Throughout the prolonged flow in each of the tests, there was no 
consistent change in either the rate of discharge or back pressure. Specific 
capacities, ranging from 0.01 to 0.07 (gal/min)/ft of drawdown, are meaningless 
in terms of the capacity of the aquifer to yield water. Swabbing, to clean 
perforations, did not improve flow rates.

Acidizing and Fracturing Stimulation

Drill-stem tests made in carbonate rocks in the open hole during 
exploratory drilling of Madison Limestone test well 3 showed that intervals 
containing fractures (seen in cores) produced greater volumes of water than 
unfractured intervals with more than 15 percent interstitial porosity 
(calculated from geophysical logs). Most fractures seen in cores were sealed* 
and contained calcite, calcite crystals, or anhydrite. The amount of 
rock with open fractures was indeterminate, because the broken rock commonly 
jammed the core barrel, resulting in minimal core recovery.

Reasons for including a program of acidizing and fracturing stimulation 
in the workover completion program were: (1) Probability of unrealistically 
small production through perforated intervals in the untreated hole because 
of sealing of open fractures with cement; (2) the carbonate section, containing 
fractures as well as some interstitial porosity, was ideally suited for 
stimulation by acidizing and fracturing; and (3) results of the stimulation 
program, positive or negative, would have excellent transfer value for holes 
drilled in other areas having similar subsurface geologic conditions.

Following completion of total-flow measurements and collection of 
water samples for chemical analyses, each of the three intervals tested in 
the untreated hole was again isolated, using retrievable bridge plug and 
packer, and stimulated by acidizing and fracturing. The acidizing and 
fracturing schedule was one recommended by personnel of various major companies 
specializing in these services that had previous experience in the area. 
Dowell Division of Dow Chemical, U.S.A., performed the work.
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The primary purpose of acidizing and fracturing is to increase 
productivity beyond natural reservoir capability. This may be achieved by 
opening and extending existing fractures; creating new fractures to 
open new permeability paths, interconnect existing permeability zones, or 
break into an unpenetrated part of the reservoir; or both. The significant 
increase in water production from each interval that was stimulated showed 
that the primary purpose was achieved (table 1).

The lower and upper parts of the Mission Canyon Limestone (tests 1 and 2) 
were stimulated with similar acidizing and fracturing treatments. More than 
26,000 gal of fluid were injected at,various rates and pressures into each 
isolated interval. The fluids consisted of 7,500 gal of 28 percent hydrochloric 
acid, 9,000 gal of complex low-residue guar (crosslinked)* fluid, 9,000 gal 
low-residue guar (not crosslinked) fluid, and 500 gal containing salt plugs. 
About 12,000 Ib of 100-mesh sand was pumped with the low-residue guar fluid.

All of the 28 percent hydrochloric acid contained the following:

1. 6 gal/1000 gal acid corrosion inhibitor to provide metal protection 
for tubing, casing, and tools used to isolate the test intervals;

2. 15 lb/1000 gal iron-sequestering-complexing agent to prevent
deposition of ferric iron hydroxide, a gelatinous material that 
can plug formation pores; and

3. 3 lb/1000 gal acid friction reducer to change fluid-flow behavior 
by reducing turbulence as the acid moves through the tubing, 
thereby reducing drag or friction pressure.

All low-residue-guar-starter solution was prepared by thickening fresh 
water with 50 lb/1000 gal clean-water gelling agent. The resulting cross- 
linked-fracturing fluid is designed to produce very wide fractures and carry 
large volumes of propping agents much farther into the fractures than 
conventional fluids. This nonreactive-pad fluid flows into the acid-enlarged 
flow channels and secondary fractures. Because it is a slow-moving fluid, it 
temporarily blocks the channel or secondary fracture and keeps the acid in the 
main fracture. Sand (100 mesh), used in the fluid, also bridges the secondary, 
or hairline, fractures, thus providing more effective acid control.

Water-frac fluid is a flushing agent prepared by mixing fresh water with 
10 lb/1000 gal of clean-water gelling agent (not crosslinked) and 10 lb/1000 gal 
of a friction reducer. This nonreactive-pad fluid is injected after each of 
three episodes of acid and low-residue guar containing 100-mesh sand has been 
pumped. It reduces friction pressure and permits a greater injection rate at 
the same pressure, thus increasing fluid efficiency. This increases the 
ability of the fracturing fluid to create more fracture voids in the reservoir.

Salt plugs contain saturated salt water consisting of 5 lb/250 gal of 
clean-water-gelling agent (not crosslinked), 300 Ib of rock salt, and 300 Ib

*Networks of bonds between linear polymers.
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of granulated salt. The plugs are pumped into the isolated intervals after 
the first and second episodes of acid and pad treatments to temporarily plug 
those perforations taking most or all of the fluids because of preferred 
permeability paths. Plugging these perforations causes the acid and pad 
fluids to enter those perforations that penetrated-less permeable rocks.

The schedule for the alternating stages of acid, pad, flush, and salt- 
plug pumping; and the injection rates, volumes, and tubing pressures are 
shown in table 2. This table also shows intervals perforated, depth settings 
of the retrievable bridge plugs and packers, times for each operation, and 
the Dowell Division of Dow Chemical (U.S.A.) trade names for products used.

The final step in each stimulation treatment was to flush the perforations 
with fresh water. This was followed 28 minutes after test 1, and 
7 minutes after test 2 by flushing back the spent acid and other chemicals 
through the manifold to 500-bbl holding tanks.

Water samples for chemical analysis were collected from each isolated 
perforated interval before acidizing in order to characterize the natural 
waters in the rocks and to evaluate the effect of acidization. Analyses of 
water collected from drill-stem tests of similar intervals also are listed 
for comparison in table 3. The analyses indicate that about 90 percent of 
the major chemical constituents in water from the three zones are calcium, 
magnesium, and sulfate; the dissolved-solids concentration ranged 
from 2,820 to 2,890 mg/L.

Chemically, acid stimulation consists of dissolving carbonate rocks with 
hydrochloric acid. Experimental data have shown that 1,000 gal of 28 percent 
by weight of hydrochloric acid will dissolve approximately 3,600 Ib of 
limestone and produce about 13,000 ft 3 of carbon dioxide. The resulting 
solution, assuming no dilution and including the salt plugs, will be a 
calcium sodium chloride brine. The effect of the propping and flushing agents 
and dilution of the solution by formation waters, tends to decrease the 
concentration. The approximate volumes, weights, concentrations of acid, 
propping agents, salt plugs, and the resulting solution before dilution are 
listed in table 4.

Chemical analyses of the samples collected during the flush-back periods 
for the three tests also are listed in table 3. The amount of foam contained 
in the flush-back fluid, probably due to outgassing of the carbon dioxide, and 
some of the additive contained in the acidizing-fracturing fluids, made it 
difficult to collect a sufficient volume for analysis. Large volumes of the 
foaming flush-back fluid were collected, and after the foam had dissipated, a 
sample of the resultant liquid was analyzed. The following section summarizes 
the water chemistry of the acidizing and fracturing episodes.

Flush back of fluids containing spent acid and other chemicals following 
test 1 contained large amounts of gas, and because of the dissolved con 
stituents in the fluid, it contained about 75-percent foam for the first 
700 minutes. The amount of foam produced with liquid precluded accurate
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Table 4. Volumes^ weights, and concentrations of materials

injected and removed from each zone 

[Ib = pounds; gal = gallons; mg/L = milligrams per liter; HC1 - hydrochloric]

MISSION CANYON ZONES I AND II (per zone)

Weight of material

Item
Injected' 

(Ib)

Removed 

(Ib)

Total

Volume

(gal)

Concentration 

of resulting

solution 

(mg/L, rounded)

1. Acid, 28-percent HC1- 

Plus additions     
20,000

220

30,430

220

Sub total           20,220 30,650

2. Propping agent (Guar)- 540 540

3. Salt plugs          2,490 2,490

4. Water frac          180 180

Sub total (1-4)      23,430 33,860

Sub total

(zones I and II)      46,860 67,720

TENSLEEP

1. Acid, 15-percent HC1  3,230 4,915 

Plus mud and

silt remover       200 200

7,500

7,500

9,000

500

9,000

26,000

483,000

490,000

7,200

597,000

2,400

156,000

52,000

2,400

Sub total  

2. Salt Plugs-

3,430

3,735

Sub total (1 and 2)   7,165

Grand total- 54,025

5,115

3,735

8,850

76,570

2,400

750

3,150

55,150

156,000

245,000

245,000

597,000

337,000

167,000
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discharge measurements. After about 1,700 minutes, the flow was approximately 
200 gal/min, and contained about 2-percent foam. After about 2,850 minutes, 
final flow of clear fluid was greater than 180 gal/min, with a back pressure 
of 90 lb/in2 (table 1). Samples of the flush-back fluid were collected period 
ically at the manifold, and onsite measurements for pH, specific conductance, 
and water temperature were made. The change in onsite specific conductance 
with time is shown in figure 8. Initial conductance values show the dilution 
effect of the final flush with fresh water after the acid had been injected. 
A maximum specific conductance of 110,000 ymhos (micromhos per centimeter at 
25 degrees Celsius) was measured after 40 minutes. The specific conductance 
remained fairly constant for about 10 minutes, then decreased, with minor 
fluctuations, to 11,000 ymhos after 1,100 minutes. At the conclusion of the 
test, 2,860 minutes, the specific conductance was 4,800 ymhos or about 
1,800 ymhos greater than the specific conductance of fluid from the interval 
before acidizing and fracturing. The temperature of the fluid at the end of 
the flow period was 55.7°C (degrees Celsius), whereas that from the pre- 
acidizing and fracturing flow was 38.4°C. Final shut-in pressure at the 
surface for the isolated interval after discharging an estimated 375,000 gal 
of fluid was 454 lb/in2 .

Characteristics of the flush-back fluid containing spent acid and other 
chemicals following test 2 were similar to those from test 1. The amount of 
foam produced with the liquid was equal to that of test 1; however, the 
percentage of foam decreased in a much shorter time. This probably was due 
to the greater flow rates. Flow during and near the end of the test was 
estimated at 200 gal/min with a back pressure of 110 lb/in2 (table 1). 
The change in onsite specific conductance with time is shown in figure 9. A 
peak of 85,000 ymhos was measured after 22 minutes. This value decreased 
rapidly to 15,000 ymhos at 300 minutes. After 300 minutes, the slope of the 
curve was less steep, and at the end of the test, 2,068 minutes, the 
specific conductance was 4,700 ymhos, about 1,800 ymhos greater than 
the water flowing from the interval before acidizing and fracturing. The 
temperature of the fluid at the end of the flow period was 54.2°C, whereas 
that of the pre-acidizing and fracturing flow was 50.4°C. Final shut-in 
pressure at the surface after discharging an estimated 380,000 gal of fluid 
was also 454 lb/in2 .

The chemical analyses of flush-back fluid collected during test 2 were 
plotted to illustrate the relative changes in dissolved constituents during 
the test (fig. 10). The shapes of the curves are similar to the shape of 
the specific conductance graph (fig. 9). This graph also shows that the 
increase of reacting values of chloride and of calcium and magnesium were 
nearly equal. The reacting values of calcium and magnesium exceeded that 
for chloride by 20 to 30 meq/L (milliequivalent per liter) throughout most 
of the flush-back period; in the pretest analysis, calcium and magnesium 
exceeded chloride by 30 meq/L. The sulfate concentration remained almost 
constant throughout the flush-back period. The sodium and potassium 
was 31 meq/L in the first sample collected during the flush-back period, 
compared to a preacidation value of 5 meq/L. The last sample collected 
contained 6 meq/L.
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The water-quality diagrams (fig. 10) also show the relative changes of 
various constituents with time during the flush-back period. They indicate 
that calcium, magnesium, and chloride did not return to equilibrium, but that 
the other constituents did.

The Amsden Formation and Tensleep Sandstone (test 3) were stimulated 
using different chemicals and techniques. The upper part of the Amsden is 
100 percent dolomite, and the lower part of the Tensleep, the major aquifer 
of the two rock units, is more than 50 percent sandstone. If treated 
separately, the Amsden would have been stimulated using the same procedures as 
those in tests 1 and 2, and the Tensleep would have been stimulated using an 
acid-base mud and silt remover. Using 28-percent hydrochloric acid on the 
Tensleep would cause a problem if the sand were dislodged; the cementing 
material holding the grains of sand in place would be dissolved, and the sand 
grains could migrate.

The vertical distance between perforations in the upper part of the 
Amsden-and those in the lower part of the Tensleep is only 6 ft. Even with a 
perfect cement bond between the casing and borehole, the distance between the 
sets of perforations is such that there probably would be hydrologic 
connection between the upper and lower perforations during the stimulation 
treatments. So, the Amsden and Tensleep were isolated and treated as a 
single unit (test 3). The method used was one designed to stimulate both 
sandstone and carbonate rocks.

The interval was stimulated by alternately^ pumping 600 gal of 15-percent 
acid-base mud and silt remover and 250 gal of salt plugs. The final acid 
stage was followed by flushing with fresh water. A total of 2,400 gal of mud 
and silt remover and 750 gal of salt plugs was injected. In excess of 
1,000 gal of fresh water was used in the flush (table 2). The mud and silt 
remover is an acid-base well-treating solution that contains a clay dispersing 
and suspending agent and iron-chelating chemicals. The acid base was inhibited 
15-percent hydrochloric acid. The composition of the salt plugs was similar to 
those used for tests 1 and 2.

The flush back of spent acid and other chemicals following test 3 
differed from that of tests 1 and 2. The change in onsite specific conductance 
with time is shown in figure 11. A peak of 170,000 ymhos was measured 
after 11 minutes of flow. The specific conductance decreased rapidly to 
8,000 ymhos at about 230 minutes. Thereafter, the decline was gradual to 
3,200 ymhos at 635 minutes, and this value remained constant until the test 
was concluded after about 900 minutes of flow. Final specific conductance was 
about 300 ymhos greater than that from the interval before acidizing and 
fracturing. The final temperature was 53°C, whereas that prior to treatment 
was 50.3°C. Flow during and near the end of the test was about 150 gal/min 
with a back pressure of 90 lb/in2 (table 1). Final shut-in pressure at the 
land surface after discharging about 140,000 gal of fluid was 454 lb/in2 .

Characteristics of the time and specific conductance graphs plotted from 
data collected during flush back of spent acid from tests 1 and 2 are similar
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(figs. 8 and 9). The carbonate rocks isolated in these tests are similar 
(except for a greater percentage of limestone in test 1), and the acidizing 
and fracturing stimulation schedule was identical. The graph for test 3 
(fig. 11) differs in many aspects. The peak of the specific conductance is 
greater, but the decrease in specific conductance to a value near that of the 
specific conductance of water from the untreated interval is more rapid. This 
is attributed to the different stimulation treatment used in test 3, mixed 
lithology (dolomite and sandstone), and less penetration of acid into the 
formation. Although initial injection pressures used in test 3 were adequate 
to open existing fractures or create new fractures; low-residue guar, propping 
agents (100-mesh sand), and other additives used in tests 1 and 2 were not 
used in test 3. The density of perforations in the Amsden Formation and 
Tensleep Sandstone may be considerably less than those in the Mission Canyon 
Limestone, because the charges in test 3 had to penetrate the 7-in and 
9 5/8-in casings.

Deeper penetration of acid in tests 1 and 2 is indicated by the volume 
of flush-back fluid and the time required to stabilize specific conductance 
of the fluid to pre-acidizing and fracturing values. Estimated penetration 
of acid were about 600 ft for test 1 and about 500 ft for test 2, as 
determined by Dowell Division of Dow Chemical (U.S.A.) personnel using a 
computer program. These estimates, made before the acidizing and fracturing 
tests, were based on lithologic data, number of feet perforated, injection rate, 
and treatment schedule. No computer estimate was made for test 3.

The relative changes of the dissolved chemical constituents during the 
flush-back period of acidizing and fracturing test 3 are shown in figure 12. 
The shape of the curves .are similar to the shape of the specific conductance 
curve. Samples 1 and 2 were plotted at a different scale in order to show the 
difference between the two samples; sample 2 also was plotted with the rest 
of the samples at the same scale on figure 10 so that they would be compatible.

The curves show that at the beginning of the test the reacting value of 
chloride was greater than the reacting values of calcium and magnesium by 
50 percent, but after 100 minutes, they were nearly equal. During this 
flush-back period, the reacting values of sodium and potassium also were large, 
but decreased to near the pre-acidizing level before the end of the test; the 
pH also was minimal at the start of the flush-back period.

Radioactive-Tracer Surveys

Radioactive-tracer surveys were made with the well flowing at maximum 
capacity, before and after stimulation by acidizing and fracturing, to 
determine the effectiveness of the stimulation treatments on each of the 
perforated intervals. Background data on radioactive-tracer logs, techniques 
(time-drive and depth-drive), and general testing procedures are discussed by 
Blankennagel (1967 and 1968).

The tracer ejector tool electronically measures the travel time of 
radioactive-tracer material between gamma detectors of known spacing above
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an ejector. The tools used for each of the surveys (figs. 13 and 14) were 
identical, except for the distance between the detectors. The major 
differences in the surveys were in the electronics and surface-recording 
equipment. The equipment used for the first survey had been in operation 
since the 1960's. The detectors were connected to a single channel, and the 
peak (response) at each detector was recorded by a single pen on a paper 
recorder in time drive. The maximum gear speed for the paper recorder 
yielded markers at a scale of 1.3 in of logging paper for each minute 
(fig. 15). Because of slow flow rates in the untreated well, the peaks were 
adequately separated; and, using a Gerber Variable Scale, the time in minutes 
between peaks could be measured. Hatf the total flow rate in the well been 
two or three times greater, the peaks would have been superimposed, precluding 
any measurement.

After stimulation by acidizing and fracturing, when total flow increased 
about 22 times, a radioactive survey was made using a computerized logging 
truck. The peak at each detector was recorded on film on a separate 
channel. For very fast flow rates, the gear speed of the film recorder could 
be increased to expose 10 in of film every 6 seconds, or 100 in of film each 
minute. This recording speed yields excellent separation of sharp peaks at 
flow rates in excess of 3,500 gal/min, and accurate measurement of times less 
than 0.01 minute between peaks.

Iodine-131 was used as the radioactive tracer because it has a short 
half-life (7 days) and is miscible in water. The volume of tracer material 
ejected at each station was controlled at the surface. The average ejector 
release time was less than 1 second, ejecting less than 0.2 millicurie 
of iodine-131.* The time-drive method was used with the tool stationary in 
the hole. Each station was tested at least two times, and the flow recorded 
at that station was the average of the flows. Repeatability of flow 
measurements was within 96 to 100 percent. Such excellent results usually 
are not common in open-hole testing because of hole rugosity and possible 
shifting of the tool. The depth for each station was from land surface to 
the lower detector.

A depth-drive radioactive-tracer survey under static conditions (no flow 
of water from well), using a lubricator bolted on the blow-out preventer, was 
made to investigate possible cross flow between perforations in the untreated 
well. Results showed little or no movement of water in the well, probably 
because of similar hydraulic heads in each of the perforated intervals.

Spinner surveys were conducted during early episodes of logging. Results 
were disappointing, and under slow flow rates, the log could not be interpreted, 
Better results probably could have been obtained with a tool having a larger 
diameter impeller, or if the surveys had been made during the final period of 
the flows. However, based on previous experience, more accurate flow rates 
can be obtained from radioactive-tracer surveys.

The yield of water from each isolated interval before and after 
stimulation by acidizing and fracturing through perforations is shown in
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table 1. Contributions from specific sets of perforations are shown in 
figures 13 and 14. The distance between stations positioned in perforated 
intervals generally is equal to the distance between the detectors of the 
tool that was used. Deviations from this general rule are not uncommon, and 
are the result of decisions made in the logging truck after a cursory review 
of the data at each station.

The most significant increase in water production after stimulation by 
acidizing and fracturing was from the lower part of the Mission Canyon 
Limestone. The least increase was from the Amsden Formation. No production 
was obtained through perforations from 4,212 to 4,182 ft either before treat 
ment or after. Improvement did occur, however, through the perforations 
between 4,170 to 4,157 ft, where production increased from 29 to 264 gal/min. 
Prior to treatment, the Amsden-Tensleep yielded 33 gal/min, and after 
acidizing and fracturing it yielded 311 gal/min. This increased production 
probably occurs at or near the contact of the Amsden Formation and 
Tensleep Sandstone, logged at 4,162 ft. Prior to treatment, the lower part 
of the Mission Canyon yielded 15 gal/min, and after acidizing and fracturing, 
it yielded 545 gal/min.

After a prolonged shut-in period and prior to the radioactive-tracer 
surveys, initial flow from the treated well was greater than stabilized flow 
after 4 or more hours. As shown in figure 14, total flow, measured in the 
9-5/8-in casing at 1200 hours was 3,264 gal/min, a rate that was confirmed by 
a pigmy current meter measurement made in a trench at the end of a reserve 
pit. Radioactive-tracer surveys, beginning above the lower set of 
perforations in .the 7-in casing and progressing downward, were started 
about 4 hours after the large initial total flow measurements. This delay 
was caused by turbulence at the juncture of the 7-in and 9-5/8-in casings, 
which, in turn, resulted in misalinement of the light-weight tool and 
impeded its entrance into the 7-in casing. Modifications to the tool 
were time-consuming; however, the time loss was beneficial, in that the 
flow in the well was more stable. Final flow at the end of the survey 
was 2,694 gal/min.

If surveys were made immediately after the well was opened, and after 
12 hours of uninterrupted flow, intervals where total initial production was 
not sustained could be clearly defined. For reasons stated before (under the 
heading, Acidizing and Fracturing), it is likely that the loss in production 
occurs in the Amsden Formation and Tensleep Sandstone.

Based on estimates of acid penetration in the Mission Canyon Limestone, 
and the amount of fracturing seen in cores cut through the intervals that 
were perforated, it is probable that production would be sustained. It is 
also probable that new permeability paths were developed and interconnected. 
A prolonged flow test, about 2 weeks, would be required to determine the 
length of time that total production of 2,900 gal/min could be sustained.
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Step-Drawdown Test

On October 31 and November 1, 1979, a step-drawdown test, consisting of 
eight flow rates, was made of the well to determine well and aquifer response 
and hydrologic characteristics. A schematic diagram of the well head and 
flow line are shown in figure 16. The duration of each step of the flow 
test was 120 minutes. Shut-in pressure and back pressure were measured at two 
points at the well head; also measured at the well head were temperature 
(certified mercury thermometers in overlapping 20°C ranges reading to 
0.05°C and a digital thermometer meter accurate to 0.5°C) and specific 
conductance. Flow measurements were*made, as appropriate, in three ways:
(1) A Haliburton electrically-powered in-line flow meter near the well head;
(2) volumetrically, using 10- and 20-gallon containers; and (3) the trajectory 
method. Measurements used in analysis are given in supplemental information 
at the end of this report. Vibration caused by flow of water through the 
open 8-in gate valve made it difficult to obtain accurate readings from the 
pressure gages on steps 4 to 7. Gage-needle oscillations ranged from +10 
lb/in2 on step 4 to greater than +20 lb/in2 on step 7.

Hydraulic-head measurements were corrected for the effects of temperature 
changes on fluid density. The need for such corrections is obvious from 
the data for step 1 (see supplemental information). During this flow step, 
temperature at the measuring point increased from 12 to 27°C, and the back 
pressure increased from 446 to 451 lb/in2 . The temperature at the top 
perforation (depth of 4,145 ft) was estimated as 65.6°C from the temperature 
logs. A linear approximation, based on this temperature and depth, was used to 
correct the hydraulic-head measurements.

As performance of the test well was crucial to evaluation of aquifer 
characteristics, hydraulic-head losses and well efficiency were calculated by 
the Rorabaugh (1953) modification of Jacob's (1947) method. The resulting 
equation, s = 28 Q +38.5Q 1 * 57 (where, for each step, s = drawdown in the 
well in feet, and Q = pumping rate, in cubic feet per second), predicted 
drawdowns at the ena of each step ranging from -6 to +1.2 percent of the values 
measured; for 4 of the 8 steps, computed values were within +0.05 percent of 
measured values. The results of this analysis, plus other data and the results 
of other calculations relating to hydraulic-head loss, are shown in table 5. 
The results of the Jacob-Rorabaugh method appear reasonable and were assumed 
to be correct in subsequent analysis.

Hydraulic-head losses caused by turbulent flow in the casing (including 
the affect of the enlargement from 7- to 9-5/8-in casing) also are shown in 
table 5. Hydraulic-head losses in the aquifer due to turbulent flow are less 
than 0.1 ft even at a flow rate of 2,900 gal/min, a hydraulic-head loss that 
is less than the accuracy of hydraulic-head measurement. For all practical 
purposes, all turbulent-flow hydraulic-head loss is in flow through the 
perforations and up the casing. Of the turbulent-flow hydraulic-head losses, 
losses from flow through the perforations ranged from 84 percent for step 1 
to 54 percent for step 8, and the hydraulic-head loss up the casing ranged from 
16 percent for step 1 to 46 percent fpr step 8.
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Of the total hydraulic-head loss measured, 81 percent of the drawdown in 
step 1 was caused by laminar-flow losses in the formation, and 19 percent 
was caused by turbulent-flow losses in the well. Thus, well efficiency for 
this step was 81 percent. For step 8, 17 percent of the drawdown was caused 
by laminar-flow losses in the formation, and 83 percent was caused by well 
losses. Well efficiency for this step was 17 percent.

Another approach to calculating hydraulic-head losses and well efficiency 
is that of Birsoy and Summers (1980). This approach, though related to that of 
Jacob and Rorabaugh, appears to be based on evaluation of empirical data. 
The equation developed for the Madison 3 step-drawdown test by this method
is s = BQ + 0.0049 Q 1 - 55 (where s = feet of drawdown at the end of a step,w n n w
Q = flow, in gallons per minute, for any step n, and B is a constant). This
equation predicted drawdown at the end of each step with an accuracy of -0.05 
to -2 percent of the measured values. The equation can be modified to 
predict drawdowns at any time within a given step. Although the equation 
can predict total drawdown with reasonable accuracy, it cannot be used to 
differentiate hydraulic-head losses caused by laminar and turbulent flow 
because: (1) The "constant" B has a value that varied from step to step and, 
(2) for several steps, B was negative, which indicates a hydraulic-head gain, 
rather than a hydraulic-head loss, from laminar flow in the aquifer. The most 
likely reason for these results is that one or more of the basic assumptions 
of the method are not met.

Transmissivity (T) was calculated by the specific capacity method 
(Brown, 1963), by a method developed by Birsoy and Summers (1980), and by a 
method developed by Stallman (1962). For the first two methods, transmissivity 
was determined both with the "raw" data (corrected for temperature affects), 
and with drawdowns corrected to a "100 percent efficient" well. The third 
method was used only with data corrected for a "100 percent efficient" well. 
The turbulent hydraulic-head loss calculated by the Jacob-Rorabaugh method was 
used to correct the drawdowns for a "100 percent efficient" well. The results 
are shown in table 6. For the specific capacity method, the average 
transmissivity is 1,740 ft2/d if the coefficient of storage (S) is 2 X 10~ 5 
for the "raw" data or 5,090 ft2 /d for a "100 percent efficient" well. The 
Birsoy and Summers method gave an average transmissivity of 5,760 ft 2 /d for 
the "raw" data, and a transmissivity of 5,090 ft 2 /d and a coefficient of 
storage of about 2 X 10"6 for the "100 percent efficient" well. The Stallman 
method gave a transmissivity of 5,090 ft2 /d and a coefficient of storage of 
about 4 X 10" 5 for a "100 percent efficient" well. The values of transmissivity 
and coefficient of storage considered as most reasonably representing this 
test are 5,090 ft2/d and 2 X 10~ 5 respectively.

A full-flow (constant-head variable-discharge) test of 24-hour 
duration was made prior to the step-drawdown test. Preliminary analysis 
of data from the full-flow test (Jacob and Lohman, 1952) resulted in 
transmissivities of 1,460 ft2 /d, uncorrected for well losses, and 
8,040 ft2 /d for a "100 percent efficient" well. Pressure measurements were 
obtained during well recovery, but the data were not suitable for analysis.
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SUMMARY AND CONCLUSIONS

Analyses of water samples, collected from drill-stem tests made in 
Madison Limestone test well 3 during September and November 1978, showed that 
water having dissolved-solids concentrations of 3,000 mg/L or less was 
available only from the lower and upper parts of the Mission Canyon Limestone, 
and the Amsden Formation and Tensleep Sandstone. Two intervals in the upper 
part of Mission Canyon Limestone were perforated during testing of the 
exploratory well. Other water-bearing zones were not perforated because of 
bridges and other obstructions in the casings.

*

During July 1979, workover operations were begun to complete the well. 
Primary objectives of the workover operations were to clean the cased hole, 
to complete perforating of selected intervals, and to conduct various 
hydrologic tests before and after stimulation of the well by acidizing and 
fracturing.

Geophysical logs, which included temperature, six-arm caliper,   
seisviewer, and pressure tests, indicated breaks in the 13-3/8-in casing near 
350 ft, and leakage around the 9-5/8-in liner hanger at 810 ft. These leaks 
enabled cement rubble and rock debris behind the casing to slough into the 
hole and create bridges and plugs. The problem was corrected by extending 
the 9-5/8-in casing to land surface, and then bonding the 13-3/8-in and 
9-5/8-in casings with cement.

Selected intervals in the lower and upper parts of the Mission Canyon 
Limestone were perforated through the 7-in casing between depths of 4,872 to 
4,791 ft and 4,361'to 4,318 ft. The Amsden Formation and Tensleep Sandstone 
were perforated through two casings, 7 in and 9-5/8 in, in the intervals 
4,212 to 4,176 ft and 4,170 to 4,145 ft. Total net perforated footage, which 
included that completed during December 1978, was 185 ft and had 
740 perforations.

Hydrologic tests were made of the perforated intervals. Perforated 
intervals in the lower part of the Mission Canyon Limestone were tested as a 
single unit (test 1), as were those in the upper part (test 2). The Amsden 
Formation and Tensleep Sandstone were tested as one unit (test 3).

Each of the units was isolated by using a retrievable bridge plug and 
packer in combination run on 2-7/8-in tubing. Each of the isolated units 
was developed by swabbing and then flowing. Flow periods for the tests were 
extended to permit collection of water samples representative of aquifer water

Total flow from all perforated intervals, calculated from radioactive- 
tracer survey data, was 125 gal/min. Of this total, the lower part of the 
Mission Canyon contributed 15 gal/min, the upper part contributed 77 gal/min, 
and the Amsden-Tensleep contributed 33 gal/min.

Final shut-in pressures were measured at the end of flow periods. 
Shut-in pressure for the lower part pj: the Mission Canyon Limestone was
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451 lb/in2 , and those for the upper part of the Mission Canyon Limestone 
and the Amsden Formation and Tensleep Sandstone were 454 lb/in2 .

Each of the three intervals developed and tested again was isolated and 
stimulated by acidizing and fracturing. The lower and upper parts of the 
Mission Canyon Limestone were stimulated with similar acidizing and 
fracturing treatments. Fluids and propping material, pumped under pressure 
into each isolated interval, consisted of 7,500 gal of 28 percent hydrochloric 
acid, 9,000 gal of complex low-residue guar (cross linked), 9,000 gal of low- 
residue guar (not cross linked), 500 gal of salt plugs, and 12,000 Ib of 
100-mesh sand.

The Amsden Formation and Tensleep Sandstone were stimulated using 
different chemicals and techniques, because the lower part of the Tensleep, 
the major aquifer of the two rock units, consisted of more than 50-percent 
sandstone. The interval was treated by alternately pumping 600 gal of 15- 
percent acid-base (hydrochloric) mud and silt remover, and 250 gal of salt 
plugs. A total of 2,400 gal of mud and silt remover and 750 gal of salt plugs 
was injected.

Total flow from all perforated intervals, calculated from radio-active- 
tracer survey data, was 2,694 gal/min. Of this total, the lower part of the 
Mission Canyon contributed 545 gal/min, the upper part contributed 
1,838 gal/min, and the Amsden-Tensleep contributed 311 gal/min.

Full-flow (constant-head variable-discharge) and step-drawdown tests were 
performed approximately 1 month after well completion. The most reasonable 
values of transmissivity and coefficient of storage, based on interpretation 
of data from the^step-drawdown test, are 5,090 ft*/d and 2 X 10"" 5 respectively. 
Maximum flow, after 24 hours of full flow, was 2,900 gal/min.

The primary purpose of acidizing and fracturing is to increase 
productivity beyond natural reservoir capability. This may be achieved by 
opening and extending existing fractures, and ^creating new fractures 
to open new permeability paths, interconnect existing permeability zones, 
or break into an untapped portion of the reservoir. The significant increase 
in water production from each interval that was treated showed that the 
primary purpose was achieved.

Based on computer estimates of acid penetration in the Mission Canyon 
Limestone, and the amount of fracturing seen in cores cut through the intervals 
that were perforated, it is probable that production of the well could be 
sustained. However, a prolonged flow test of approximately 2 weeks would be 
required to determine the length of time that total production of 2,900 gal/min 
could be sustained.

The transfer value of the acidizing and fracturing schedule (as used in 
Madison Limestone test well 3) for holes drilled in other areas having similar 
rock types and structure is apparent. Although the increase in production may 
not be as great as that of the Madison well, it probably would be sufficient 
to justify the expense of a stimulation treatment.
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